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Abstract 

In order 10 identify the epitopes which induce nn immune response 
Jagainst hepatitis C virus (HCV) infection, we expressed the full- 
length sequence and different deletion forms of each HCV struc- 
tural protein -the nucleocapsid and the two envelope glycoprotejns- 
iri several mammalian cell lines using recombinant vaccinia vi rus- 
hes. All post-translational modifications of the single proteins and of 
• the Core/El and E1/E2 products of the polyprotein constructs were 
-similar tp those of the complete structural polyprotein corc/EI/E2. 
The sjgnal sequence furnished by the hydrophobic domain of the 
preceding region enabled translocation of the envelope proteins into 
the endoplasmic reticulum (ER). The EI and £2 polypeptide back-: 
' bones were modified with five and eleven hi "h-manno.se motifs! 
respectively. A shorter amphophilic form (!9lcDa) was compressed 
with the fufMcnerrfcore protein (22 kDa). Analysts invol vine inhi- 
bition of specific steps of the glycasylalkm pathway clearly indi- 
cated thai the single E I protein is transported from the ER to a pro 
medial Golgi compartment Indirect immunofluorescence and con- 
focal microscopy studies, however, indicated that (he majority of 
the envelope glycoproteins finally segregated inio an ER-likc com- 
partment. The C-icrmmal region orboih envelope proteins favoured 
both the segregation into the Tx- 1 14 membrane phase as well as the 
iniracel hilar retention, as only C-ierminally truncated versions of 
£1 and E2 were partly secreted into the extracellular medium. 

Introduction 

Hepatitis C virus (HCV) is the majoretiological agent of past- trans- 
fusion non-A, non-8, hepatitis and represents a major public health 
problem worldwide. The enveloped virys contains a single^trand- 
■ cd RNA genome of about 9.4 kb which comprises a single lar«e 
open reading frame. * " 

This sequence encodes a polyprotein of about 3000 amino acids 
(aa) which is co- and post-trans lationally cleaved into mature pro- 
teins. The cleavages liberating the structural proteins (between 
Core/E 1 , E1/E2, E2/P7 and E2-P7/NS2) from the viral polyprotein 
probably result from cellular signal peptidase activity 1 \ while the 
cleavages between the non-structural proteins are mediated by the 
HCV NS2/3 mecalloproteinase and the NS3 chymoirypsin-like pro- 
tease 4 - 7 . 

Several studies have documented the appearance of antibodies 
against the structural proteins of HCV relatively early after the onset 
ofhepatius.Inordertoundcrstandthcpathogcnesisofperf:LMentinfec- 
tion and to develop effective vaceines, it is of vjta! importance to iden- 
tify the cntical epitopes that elicit neutralizing antibody responses. 



^ In contrast to several studies which reported only the character, 
izanon of the complete structural region of HCV, we have demon- 
strated the possibility to express each of these proteins as single 
units presenting similar postiranslationa! characteristics as those of 
the polyprotein cleavage products. Tb this end. a series of constructs 
completely or partly covering each structural HCV region *cre 
expressed m several mammalian cell lines using recombinant vac- 
cinia viruses. The nucleocapsid (Core) and the two envelope pro- 
teins (El and E2) were analyzed by several approaches and tested 
wuh HCV-infected patient sera. Both envelope proteins were fur- 
ther characterized for their N-l inked carbohydrates, and the imra- 
cellular location of the El protein was mapped by means of trans- 
port inhibition and immunolocali/ation studies. 



M;itcnnl'and methods 

Otmhtfi of the HCV structural xet/twttcc 

HCVcDNAcoveringtheeompIcte5'MruciuruIrc»iontnm:le<)iides 
- 1 2 to +2427) was amplified Trom the serum of a patient with chron- 
ic hepatitis- C by reverse transcription followed by polymerase 
chain reaction (RT-PCR), using oligonucleotide primers specific 
for HCV subtype I b and containing cither irrigation or stop codon.s 
in frame with the viral sequence (Maenens etal, Unpublished data 
1990). r 

These amplified constructs were inserted directly into bacterial 
plasrnid vectors and entirely sequenced by the dideoxynuclemidc 
chain termination method "Hie HCV cDNA sequences were sub- 
sequently used for expression studies and reconstruction of longer 
cDNA clones (Fig. I), [ntemal deletion of the first El hydropho- 
bic domain (spanning from Leu-264 to Val-2S7) w as performed hy 
overlap extension mutagenesis" starting from the HCCl-KU 
sequence (Maenens etal t Unpublished data, 1990). 



Generaiion of recombinant HCV-vaccinia viruses 

The. vaccinia recombinant vectors used in this study were bused on 
a modified version of pATAIS*. with an additional insertion con- 
taining the dominant Escherichia coli gpt gene under the control 
of the vaccinia 13 intermediate promoter. The C-terminal ends of 
several truncnted cDNA fragments were inserted in frame with siop 
codons in the three reading frames (vector pgsATA-l?) or with u 
sequence encoding a six-histidinc tail to facilitate rapid and effi- 
cient purification by means of Ni~ chelation (vector pMS-66). 
Human I43B (TK-) or rabbit RK |3 monolayers were infected 
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'*'uh A-id-typc V,T vaccinia virus und Siftseqacr.ily iransfcctcd 
with plasmrd DNA using the calcium phosphate coprecjpiiaiion 
method. After homologous recombination, HCV-v»ccinia viruses 
were selected through two rounds of plaque purification ip medi- 
um explaining mycophcnolic acid'" Urge-scale preparations of 
HCV-vaccinia -viruses were amplified or) RK ( . cells, and tilers of 
infectious progeny were determined by plaque assays. 

Analysis of the recombinant HCV prxtfeins 

Confirm monolayer; of ceils infected wjih the recombinant HCV- 
vacc.nip v,ni5ws(m.o.i. 5) were ly^d jn a buffer containing I % Tri- 
ton a. described hy Stunnenbers ru,L\ Recombinant proteins were 
analyzed by SDS-po|yacrylamidc gel elecirophoresj.s (PAGEj 
vsing either pancm sera or specie mouse monoclonul antibodies 
(MAhs). After metabolic labeling in the presence or |"S) methio- 
nine, recombinant proteins were spec i Heal ly bound to ami-enve- 
lope MAhs (4*C. overnight, rotating wheel) and immunoprccipi- 
taied w.th DynubodN M-2R0 sheep anti-mouse IpG (Dynal, Wirrul. 
UK) before heing Jinked by SDK -PAGE autoradiography or 
Western hlot. ' 

EjKlo«ly ( .i)j i idi, w H (end*. H).gFyeopcptidase F(PNGuse F). the 
MihibHorN of glycoprotein synthesis, and % different lectins con- 




Mannheim (Mannheim. Germany) and reactions were ^l^d 
accord.ns to the manufacturer's instructions, The f^SSS 
(GPO membrane anchor i£j 
by Western blot using a GPl anchor detection ki| (Oxford Sv 
coSysterns. Abingdon, UK), nuxrorcj G|y- 

Detergent pho.se separation was performed with an ice-cold PBS 
buffer conuumng 2% Triton X-l 14 as described previous^' 

ii« t ucvli " ^ b> irTur ™ ob!o1 analysis. The l t *ali J 
tion of HCV E] antigens ,n transfected HeLa cells ( 12 h p i ) wax 
dcierm.ncd by immunofluorescence microscopy u.s descried hy 



Results and discussion 

Conxtrurtirm of rrromhinanf vmvmia viruses cxpnwinit 
fnll-tvnuih »r immatctt unions of HCV structural j t mi tins 

I" order to better understand the pressing, glycosylating and 
..migcnicty or the HCV Madura! protein*, we cloned , ,eric- • 
. Msqucnctt partly or complexly covering each P |ccl,c ( uo 
reg.on and expressed the recombinant proteins in diHerem „«„„. 



Fi*. 1. — HCV vaccinia viruv expression con- 
structs from The HCV piruciunil rcjinn. The or?a- 
nittiion of ihc mrucmrai region or the HCV 
polypmiein U Utpictcd with ific cleavage *Ue* indi- 
cated by thick venica! bum. Number rtprcscni it* 
residue* of the HCV polyprotcir. RcgJom of |h c 
POlypreHcin containing predominantly unch:ir;ca* 
ammo ocidtfhydrophobie domain* urc indicated a; 
fhaded boxes. The de*ij nation and amino acid 
boundaries of rt>c recombinant vaccinia vrru5cv are 
indicated wjih nrspeei w the polyprotcin. 
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rrmlian cell lines using the vaccinia virus system. To' ex amine the 
processing of each protein independently from the possible influ- 
ence of other viral proteins, single-protein constructs xyere com- 
pared with polyprotein constructs (C/El. E1/E2. C/EI/E2, 
C/EI/E2/P7) (Fig. 1). 

- In correlation ^irh other rpcompin ant expression studies'* w . the 
single E I and E2 cDNAs encoded n genuine HCV signal sequence 
provided by the carboxy-tenninqs of the preceding polyprotein 
region. Core and envelope deletion mutants were generated by 
PCR in order to remove signal-anchor sequences as well as other 
. hydrophobic regions predicted to possibly interact with mem- 
branes (aa I3l-I91,aa ?64-287, aa 327-383. aa 341-383. anrfaa 
674-809) (Fig. I). 

, When expressed in different mammalian cell line? (Fig. 2). sig- 
nal endopeptidase processing and N-glycosylation of the single 
envelope proteins were similar to those of the structural polypro- 
teins. In contrast with constructs encoding single envelope pro- 

' terns ( wHCV- 1 1 A, -I0A, -44; Fig. Z lanes 4. 5, 6 and 8 ), expres- 
sion levels decreased along with carboxyierminal position of El 
or E2 in poryprotein constructs (wHCV-33. -65, -66; fanes 3. 8 
and 9). 



A shorter farm ix co-expressed with the full-length G»rc protein 

^Fmm the majority of our HCV-vjcciniu constructs analysed, the 
Core protein wa.N expressed in two forms, irrespective of I he ccJ| 
.line (Fig. 3. tunes 2 and 4). One hand migrated an expected for 
the full-lcngjli Core protein (p22). and another hand was truncat- 
ed to I 1 ) kDa (ply). In contrast to other studies 1 ** 1 *, no Ift-kDa 
protein (pi 6) was delected from our constructs in the ahjiencc or 
presence of the downstream El envelope sequence. The presence 
of (he (wo Core forms does not seem to he due to either (i I a spe- 
cific entloproieinaV contaminant activated i\ur\n£ cell lysis, (ii) 
hinding lo a UNA molecule, or { iii ) t l>e presence of iwo co-select- 
ed viruses each expressing one of the forms (data not shown ).Thc 
Nccond cleavage .site generating p| 9 seems lo be localised at the 
eiirhoxyicrminal region of the Core region. corresponding rela- 
tively well lo the rcmuvnl of npproxiniiitcly l« residues previ- 
ously reported by Santolinrc/tt/.' 7 . and by Lo et c//J\ However, 
only the pi 9 form could be detected in constructs encoding the 



haLa 
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[X. — HCV structural protein* e*prcs>,ctl by rarombinam vaccinia viruses 
tn i w» nuiniiivlun cell lines. Aliquot* ol* infected HeLa or R K., cc«tn kc> 
unt«-'d on n%S05-PACEand tninsreneUnntoni}nicc||u|iwe. Filers wcr* inOi- 
ilhor whh [£«> dllmcd Kcnjin of a Mrv-inr.vi...i nif'.rm .,k...«i 



entire structural re^ion'of the HCV genome '(aa 1-809:' v*HCV. 
66) (Fig. 2, lane 9). Therefore, the Core signal -anchor domain 
may require interaction with a downstream polyprotein region 
before further processing to a p 19 form, 

UsingTriton X-l 14 phase separation, the two forms of Core seg- 
regated in both the detergent and water phases (Fi«. 3. lanes 2 and 
4). A shorter Core protein lacking its carboxy -terminal third (aa I - 
130: WHCV-I8A) was unequivocally detected in the aqueous 
phase (artificial pi 6; Fig. 3, lane 3). Therefore, hydrophobieity of 
the p 1 9 form was not drastically changed afier removal of the shon 
carboxy-tcrminus from the full-length p22. 

An increasing number of amphiphilic proteins are reported to 
be anchored in the membrane bilayer by covalent attachment of 
the C-terminal amino acid residue to a slycosylphosphutidylinus- 
ito! anchor. We Therefore determined if this mechanism could he 
involved in the hydrophobieity of the Core pl9 form. Lvsutes of 
cells infected with wHCV-33 and -34 (Core/El and Co're) were 
treated with a GPI>spccifie phosphplipa.se C and analyzed by West- 
ern blot including the soluble or membrane forms of variant sur- 
face glycoprotein from Trypwwxomo hntcti as positive controls. 
When incubated in the presence of a polyclonal antiserum direct- 
ed against a speci He G PI -digested epitope (O.xford ClycoSysicms. 
Abingdon, UK), no specific signal was detected for the recombi- 
nant Core proteins migrating at the expected 1 9- and 22-kDa mol- 
ecular masses (data not shown). The results therefore suguesicd 
the absence of a GPI membrane-anchor modification on ihe Core 

p i y fop«. 

Indirect immunofluorescence studies confirmed Ihe local i /.anon 
of both core proteins exclusively in the cytoplasm, with charac- 
teristic reiicu lar/gramilar distrihulion ,r " 1K . 



Omrn posi-trttntlulituial mi»HJtrtititn>s ufsmglo 
iftuf ftttlypmtriti envehipv \tlyn*pmirin\ 

Two series of recombinant I; I viruses were consiruek\l cutiCiitiiii^ 
cither a short 22-aa or a longer 73-aa C-tCnuinal domain of (>r t - 
In order lo obtain an El protein secreted into the culture nietlmnu 
tmncaled envelope cDNAs were gcncraicd hy PCR to delete the. 
short inieriud and/or the long carboxyierminal hydrophobic 
domains (Fig. 4a ). Contrary to hi vim* transcription translation 
studies in the presence of dog pancreas microsomes, the El con- 
structs with the 73-aa signal sequence were markedly belter 
expressed iban pmieins wiih a 22-aa signal sequence (Fj«. 4AK 
Furthermore, the sjnuic El and E2 envelope p rote! as were produced 
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Re. .V — Trimn X-l 14 phase scparjiiup ol HCV Ktnjqural protein*, (()' HcUi 
evils were infected ;mg 1y*cd in Triton X-l |4 hulfcr m described in Miiicri:^ 
and Method*. Pfutcin\ truip t|ic entile lysaw (A), «r cxiracied in the aqiteou> 
<B) :i«d ihu UctcTijcm plu^s (C), were xep:ipicd on I ~S% SOS-PACE und him- 
icd oni*» niirtxrcllulnxt:. Fillers Wtffu inL-ubaicd wiih \nm jauteO ptiiicni scrttn' 
(prdneuhJieU *ilh 1/20 He La cell lysate) iind detected j< dMcribcd p^vin m - 
ly. Ume I. w» vaccinia virux; Unc 2. vvRCV-M; UilC 3. vvHCV-Ua* LiiiIl- 
4. wHCV-33; Lane 3, v V HCV-| I A; Lane A. v»/HCV- 1 OA. 
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ai hj ? hcr levels as compared with ihc pnlypmtcin constructs start- 
ing at the natural HCV iniiialion codon ( vvHCV-33, -35. -36 and - 
66). A simitofj^pproach for ihc E2 proiein revealed no difference 
between constructs containing either the 20- or ^7-aa signal 
sequence (wHCV-4 I to -44), 

Diction of N-linked oligoNaccharide* with PNGase F indicat- 
ed identical rignal-peptidase cleavage sites in all El (ai the core- 
E I junction) and E2 proteins (at theEI-E2 border), irrespective of 
the Jength of the signal sequence (fig. 4B, E, dau? not shown). 
Microsequencing of the ami no-terminal residue's of mature El and 
E2 polypeptides recovered from SDS-PAGE (data not shown) was 
in agreement with the deduced sequence from previous swdies'- 2 -* 
and confirmed thai Tyr-192 and His-384 are the amino-terminal 
residues of ihe processed El and E2 proteins, respectively. 

The HCV El protein is tranxported to a pre- media) Golgi 
compartment 

Endo H treatment and lectin binding studies confirmed the pres- 
ence of h.gh-niannose type glycans on the majority of potential N- 
g ycosylation sites of the El molecules (fig. 5A). Addition of N- 
glycan chains was clearly detected for the 5 sites of the carboxy- 
tmncated El versions (the sixth putaiive siie was deleted in this 
cornet), but also for 5 [on 6 theoretically predicted Kites in the 

IJ2 'unTJ. "° latc) ° nhc full " ,c ^ El forms. By contrast, 
all the HCV E2 constructs (C-terminaJly tmnpated or containing 
additional P7 sequence) bore N-linked sugar chains on each of 
their 1 1 potential glycosylate sites (Fig. SB). 

Western blot or pulse-chase experiments with a scries of elyco- 
sylation inhibitors (Fig. 6) confirmed the addition of N-Jinked 
oligosaccharide precursors on the polypeptide backbone (tuni- 
camycin). In the presence of castanospermine (inhibiting the ER- 
resident mammalian glucosidasc I and blocking the glycoproteins 
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cell*) *erc scjuriM pul^r cirfcctly on SD.VI'AGG (A I. or alto N-Llv- 
«nuw: F ifeaipiem (0* mil PNG™ F; 2 l> a. JVC) on I.S* SDS- 'APT W\ I 



in a higher apparent MW form) or NdcoxymaTmojirimicin 
(inhibitor of the cw-Golci tt-niannosida.se J), the electrophoreiic 
nwbiliiy or this El glycosylated form shifted lo higher amarem 
MWs of 40 and 37 kDa, respectively, by comparison with the 35- 
kDn protein expressed under normal conditions or in the presence 
of swainsomn (inhibitor of the rnedial-Colgi a-rnannosidase M) 

In contrast with many studies j Suggesting the retention of El in 
the ER companmcni 2 - \ the glycosidasc activiry of the m-GoI"i 
o-mannosidase 1 on El protein* clearly indicated a transport of 
the envelope protein from the ER to a pre-mcdia] GoIqi com- 
partment. However, indirect immunofluorescence and confocaj 
microscopy studies on HcLa cells expressing different forrm r*' 
E 1 showed further segregation into an ER^like companmenl fdu> 
noi shown). 

In conclusion, the HCV E? and E2 single envelope proicins 
exhibit properties similar to the native EI and E2 proteins or El £2 
derived from polyprotein constructs. Because of their high yield 
expression, the single El and E2 glycoproteins may serve as idcul 
candidates for the development of new vaccines, diagnostics and 
antivirus. 
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rJwT n *S'*'°*/ U " tin of El a«M E2 protein*. HcU cell* were infecicd wijh wild lype and recombinant HCV-wiceinia *ini.<es vvHCV-fuA (A) ..r 
i ^ ^f. !". <p, " W ' ,nrccU,<l w|1 'y^'^ f"-*r r ^ , ni'^ IfT cclk) wcrv dieted Inr 2 h m WC with >erial KWiikl ^lurmuK of I'NGoft: F f ft I mU l<> 
lane n,0| iliUj. Nuiiihcrs ;,i the left til Hie |>Um rcprcwii| the number N-glycaii tmiijU added .»n iltu ci>vel..|ic p,.lyi v;nu|c iv.eU».iic. 
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F13. 6. — An^lyjii of intracellular iran*pon or HCV El envelope protein with 
inhibjion of ihc N-Slyco»ylation pathway. Confluent HcU cells (I O* cells) 
were infected with *ild type (wc) or recombinant HCV El-vaccinia viruses; 
vvHCV-iOA (A) or vvHCV-I I A fBj overnight before being incubated for 3 h 
in <hc prcHcncc of N-*|ycosylaiion inhibitors. Cells were lysed und El was 
irnrnunnpreeipitatcd overnight *ith anp-£| MAbs and onti-leG coupled lo 
rpajneiiL bead*. Une I > untreated: Lane 2. digested with. 2 mU Endo H- Lane 
3. treated wjth 0.5 mU P|MGa.ic F; Lane 4.. 1 0 mc/ml lunicamjcin; Lane 5, 20 
mtfm\ citManoipcrminc: Lane 6. 200 mg/mt l-dcoiynunnojirimycin: Lane 7, 
5 ms/ml *twainM)nine: Unc S, lOm^ml brcfcldin A. The cells were starved in 
rncthloninc-frec DM EM for | h at 37°C bemre beins puliep* with 100 mCi of 
'S-rpetblomric (Amcrsharn) for 30tnin, washed i*jcc. and chased with on 
exccfw: of cold methionine r'or 5 h (J|I <tteps in the prtnencc of clycoiylatlon 
inhibitors). 
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